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either by cutting the tip of the tail or, after anaesthesia and opening of the thorax, from the heart. When tail blood was used the fact is stated in the appropriate place. The concentration of cholesterol was determined on fresh samples of serum, the reaction mixture being shielded from direct sunlight. A.R. acetic acid was refluxed for 3 h over chromium trioxide (8 g/l. acetic acid) and distilled before use. Usually the amount of cholesterol in the serum of individual rats was determined, but sometimes equal amounts of serum from several rats were used to determine the cholesterol content of the pooled serum. Vitamin mixture? Diet B was modified by substituting arachis oil, 11 maize oil 11 or equal parts (by weight) of arachis oil and maize oil for the hydrogenated arachis oil where shown in parentheses in the text and tables. Concentrations of cholesterol, cholic acid and choline chloride were as given above except when otherwise stated. Cholesterol added to diet A replaced wheat flour; cholesterol, cholic acid and choline chloride, when omitted from diet B, were replaced by maize starch.
British Oil and Cake Mills Ltd, Erith.
t Vitamin mixture/kg diet: vitamin A palmitate, 2.2 mg; ergocalciferol, 5 0 pg; DL-a-tocopheryl acetate, 280 mg; vitamin K (menaphthone, ~-methyl-1:4-naphthoquinone), 2 mg; inositol, 220 mg; thiamine hydrochloride, 3 0 mg; riboflavin, 30 mg; nicotinic acid, IOO mg; cyanocobalamin, 5 0 pg; biotin, 200 pg; pteroylglutamic acid, I mg; pyridoxine, 8 mg; Ca-D-pantothenate, IOO mg. Fat-soluble vitamins were added in 2 g of the appropriate oil.
f Union International Company Ltd, London. § Salt mixture (modified from that of Hubbell, Mendel & Wakeman, 1937) : CaCO,, 1629 g ; MgCO, , 75g, MgS04.7H, 0, 99g; NaCl, 207g; KCl, 336g; KH, P04, 636g; FeP04.4H, 0, 61.5g ; KI, 240 mg; MnS04.4H20, 1.56 g; NaF, 3 g; A12(S04),.K,S04.2~H,0, 930 mg; CuS04.5H,0, 4'56 g; Na,Mo04. 2H,O, 25 mg.
11 Medina Refinery Ltd, Deptford.
Liver cholesterol. Livers, removed immediately after the animals were killed, were rinsed in saline, blotted and homogenized in a variable-speed micro-homogenizer (M.S.E. Ltd, London) . A portion of the homogenate was weighed, dried at 100' for 16 h. reweighed and extracted with a I : I mixture of redistilled methanol and A.R. chloroform for 3 h. The volume of the extract was measured, and a portion containing 0.1-0.4 mg cholesterol was evaporated to dryness over a water-bath. The residue was then dissolved in purified acetic acid and the cholesterol content determined by the method of Zlatkis et al. (1953) . Livers from animals receiving the same treatment were pooled and treated as one sample. The concentration of cholesterol was calculated for the weight of the undried homogenate.
Sudan stain. The heart, pulmonary arteries and aorta, with the roots of the major branches, were dissected out, opened along the ventral surfaces, spread on filter-paper, fixed in formalin-saline and stained with sudan IV to demonstrate lipid deposits Vol. 13 (Fillios, Andrus, Mann & Stare, 1956 ). The internal surfaces were examined for stained material with a low-power microscope, and eight areas were scored from o to 4 according to the extent and intensity of staining. These were: the abdominal and the thoracic aorta; the aortic arch; the aortic, mitral, tricuspid and pulmonary valves; and the pulmonary arteries. The total score from these eight areas is called the Sudan score. All the samples were scored by one person after being coded by another to reduce subjective bias.
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Heart lesions. White areas were visible in the unfixed cardiac muscle of some rats fed on certain of the test diets. These lesions were seen at the base of the aortic valves and on the papillary muscles when the left ventricle was opened by a ventral cut from the apex into the aorta. Similar but smaller areas were seen at or near the apex of the unopened heart.
Statistics. Comparison between the results of two treatments was made by the t test. Although the differences between the variances of compared means were sometimes significant, the t test was found to be satisfactory because the degrees of freedom were always the same or nearly so. Concentration of cholesterol in the serum of male, A, and female, 0, rats, receiving diet A from weaning. Each point represents the mean value for nine or ten rats. Tail blood was withdrawn from the rats receiving the diet for IZ weeks, heart blood from the others.
RESULTS
Diet
A
Serum cholesterol. Results are shown in Fig. I . At weaning the serum was milky in appearance and contained 94-98 mg cholesterol/Ioo ml serum. The milkiness disappeared and the cholesterol concentration fell within I week to 78-81 mg/Ioo ml and remained at about this level for the next z weeks. A significant difference between the concentrations of cholesterol in the serum of the male and the female rats developed after 4 weeks (P < 0-OOI), and this difference persisted during the next 8 weeks.
Sudan score. Apart from an occasional small, lightly staining area at the base of an aortic valve cusp, no material staining with Sudan IV was seen during the 12-week observation period.
Preliminary experiments with diets producing hypercholesterolaemia
When diet B (arachis oil) was given to weanling rats, the concentrations of cholesterol in the serum of both sexes increased about fivefold, reaching a maximum after 7-14 days. As with diet A, there was no significant difference between the concentrations of cholesterol in the serum of the two sexes during the first 3-4 weeks. After this time, however, the serum of female rats showed significantly greater concentrations of cholesterol than that of the males.
Serum-cholesterol determinations were therefore made on weanling rats given various diets for 14 days, i.e. at the time when, according to the preliminary observations, the cholesterol concentration would be at its peak and before a sex difference had developed.
Effect of cholic acid When the amount of cholic acid in diet B (arachis oil) was increased from o to 0.25 yo (w/w) or from 0.25 to 0-5 yo (w/w) the concentrations of serum cholesterol and of liver cholesterol increased ( Table 2) . However, I yo (w/w) cholic acid reduced the rate of growth, and the cholesterol concentrations in both liver and serum were lower than with 0.5 (w/w) cholic acid. t Each determination was done on a portion of the pooled livers from ten rats.
*** P < 0'001.
Effect of choline chloride
The omission of choline chloride from diet B (arachis oil) led to a fall in the concentration of serum cholesterol ( Table 3 ). I n this experiment reduction of the cholinechloride content to 0.25 yo (w/w) had no effect on the concentration of cholesterol in the serum of male rats, but increased that of female rats. I n another experiment 1.0 yo (w/w) choline chloride produced higher levels of serum cholesterol than 0.25 yo (w/w) in both male and female rats, but was associated with a low rate of growth. A difference in the mean initial weights of the weanling rats used in the two experiments may have accounted for the different results obtained.
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The concentrations of liver cholesterol in the female rats were higher than those in the males, but the choline content of the diet had no effect on the liver cholesterol of either male or female rats in any experiments. 
F.
t Each value is the mean of three determinations. Each determination was done on a portion of the pooled livers from nine or ten rats.
Effect of dayerent fats
Fig. z shows the result of substituting various fats in diet B. Four groups of rats, each group containing males and females, were fed on diet B modified to contain either maize oil, equal parts of maize oil and arachis oil, arachis oil or hydrogenated arachis oil. I n this order, the concentration of serum cholesterol in each group was higher than in the preceding group. Further experiments have confirmed the differences between the effects of maize oil, arachis oil and hydrogenated arachis oil on the serum cholesterol of rats on diets containing 1.0 yo (w/w) choline chloride.
Effect of cholesterol
When I yo (wlw) cholesterol was added to diet A, the concentrations of cholesterol in the serum and in the livers of both sexes increased. Both cholesterol concentrations were lowered when cholesterol was omitted from diet B (arachis oil) ( Table 4) .
Diet B
With this diet high serum-cholesterol levels were rapidly achieved. Fig. 3 shows the development of a difference between the concentrations of cholesterol in the serum of weanling male and female rats on diet B. The concentrations of cholesterol in the serum of male rats first increased and then steadily decreased after about 2 weeks, the fall coinciding with puberty, as shown by increased gonad weight. This decrease in the concentration of serum cholesterol did not occur in female rats at puberty; hence only female rats were used in the longer-term studies (Tables 5 and 6, and Fig. 7 ). Fig. 4 shows the changes in the concentration of serum cholesterol in adult animals (initial age 15 weeks and weight about 150 g). The concentrations of serum cholesterol were lower in the males than in the females throughout the experiment. During the 8-week period the concentration of serum cholesterol did not attain, in either sex, values as high as those observed in the young rats. weaning. Each point represents the mean value for five to ten rats. Fig. 4 . Concentration of cholesterol in the serum of adult male, A, and adult female, 0, rats, receiving diet B. The rats were 15 weeks old at the beginning of the experiment. Each point represents the mean value for five rats. The lengths of the vertical lines through the points represent twice the standard errors of the means. Tail blood was withdrawn from those rats receiving the diet for 8 weeks, and heart blood from the others.
Sudan score. After 7 days on diet B weanling female rats showed on the aortic valve small areas containing material that stained with sudan IV. After 4 weeks the aortic valve, aortic arch, mitral valve and pulmonary arteries took up the stain. The pulmonary and the tricuspid valves stained less, and in the thoracic and the abdominal sections of the aorta staining was limited to a few small areas. After a further 8 weeks the extent and intensity of staining had increased in all the areas examined ( Table 5) .
Some of the adult animals used for the tests summarized in Fig. 4 were examined for sudanophilic lesions after 8 weeks on treatment; a few lesions were observed in the female rats (sudan score 3-5), but male animals (sudan score 0.25) did not differ significantly in this respect from rats of the same age maintained on stock diet.
Heart lesions. After 8-12 weeks with diet B, involved areas were seen in the myocardium of nearly every heart examined. These lesions have been examined histologically and appear to consist of intracellular deposits of anisotropic lipid material, probably cholesterol, and a little fibrous tissue, demonstrated with van Gieson's stain. Neither occlusion of the coronary vessels nor the usual signs of necrosis were seen, and there is no evidence for believing that these lesions were caused by infarction. receiving modifications of diet B for 4 weeks. The concentrations of serum cholesterol were measured on tail blood at 14 days and on heart blood at 4 weeks. Mean values of these two measurements are plotted. The sudan scores were divided into groups of two units and the middle value of each group was plotted against the mean concentration of serum cholesterol for all animals falling in that group. The number of animals in each group is shown in parentheses.
The combined results from seven experiments, in which type B diets were given to female rats for 4 weeks from weaning, are shown in Fig. 5 . T o obtain a wide range of serum-cholesterol concentrations, in some of the diets the choline-chloride content was varied between o and 1.0% (w/w), and arachis oil or maize oil was substituted for hydrogenated arachis oil. The concentration of cholesterol in the serum of each animal was measured at 14 days (tail blood) and at 4 weeks (heart blood), the two figures being averaged. The sudan score was evaluated on heart-aorta preparations made at 4 weeks. Results were divided into groups according to sudan score and plotted against the mean serum-cholesterol concentration for each group. The resulting graph shows a high degree of linear correlation between the sudan score and the cholesterol concentration. (Fig. 6) . The concentration of cholesterol in the serum of rats given 0.2 mg T,/kg diet was about one-half that of the rats not receiving it. Increasing the dose level had no further effect on cholesterol concentration.
When diet B containing 0.25 mg T,/kg was given to female rats for 8 weeks from (Mean values with their standard errors for five female rats receiving the diets from weaning. Cholesterol determinations were made on tail blood at 14 and 42 days, and on heart blood at 28 and 56 days) Vol. 13
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weaning, neither the concentration of cholesterol in the serum, nor the sudan score, rose to the values obtained when diet B alone was given (Table 6 ). Increasing the dose to 0.5 mg T,/kg diet did not increase the effects. T, also partly prevented the formation of lesions in the heart muscle.
Regression of lesions
An experiment (Fig. 7) Thirty female rats received diet B for 8 weeks from weaning, then five rats were killed. Diet B, 0 , was given for a further 8 weeks to five of the rats, which were then killed. Diet B (containing 0.5 mg 3,5,3'-tri-iodo-~-thyronine/kg diet), A, and diet A, m, were each given to ten of the remaining rats of which five were killed after 4 weeks and the others after 8 weeks on the new treatment. Each point represents the mean value for five rats. The vertical lines through the points represent twice the standard errors of the means.
was given diet B for 8 weeks; five animals were then killed to determine the concentration of serum cholesterol and the sudan score, which were found to be 632 54 mg/ IOO ml and 13.2 & 0-7, respectively. Five of the surviving animals were maintained on diet B for a further 8 weeks, ten were transferred to diet A and the remaining ten were kept on diet B in which 0.5 mg T,/kg had been incorporated. Five of the animals in each of the last two groups were killed after 4 weeks and five after 8 weeks on the new diets. Continued administration of diet B led to no further change in the con- were obtained. A decrease in the concentration of the serum cholesterol and regression of the sudanophilic lesions were also obtained in the animals given T,.
I n these rats the concentration of serum cholesterol and the sudan score decreased to 326 & 28 mg/Ioo ml and 6-2 k 0.8, respectively, after 4 weeks, and were 352 f 23 mgl IOO ml and 7-0 k 0.9, respectively, after 8 weeks.
DISCUSSION
EfJects of diet on the concentration of cholesterol in the serum and the liver Dietary cholic acid caused an increase in serum cholesterol (Table 2) , as has previously been observed by Swell et al, (1953) and Hegsted et al. (1957) . However, in the tests on our older rats (Fig. 4) the serum-cholesterol levels rose more rapidly than in those of Swell et al., a difference that may have been due to the low fat content of their diets. I n our tests on young rats maximum serum-and liver-cholesterol values were obtained with o*5yo (w/w) cholic acid in the diet, whereas Hegsted et al. (1957) , using adult rats of a different strain, found the response to 1-35 yo (w/w) cholic acid to be much greater than to 0.45 % (w/w) in a variety of diets.
The effect of dietary additions of choline (Table 3 ) was broadly similar to that noted by other workers (Moyer et al. 1956; Weiss et al. 1952) , in that this compound can increase the concentration of serum cholesterol. Under our conditions serumcholesterol levels in young male and female rats were raised by the incorporation of 0.25 % (w/w) choline chloride in the diet. Sometimes, but not invariably, a greater increase followed the addition of I yo (w/w) choline chloride. Liver-cholesterol levels were higher in young female than in young male rats at all levels of choline intake.
Dietary cholesterol increased the serum-and the liver-cholesterol levels of young rats (Table 4) , the effects being more pronounced on diets containing added cholic acid and fat, as has been shown by other workers, e.g. Hegsted et al. (1957) . Both the liver-and the serum-cholesterol levels were higher in rats on a diet containing cholic acid, choline chloride and 22 yo fat, but no cholesterol, than on diet A or diet A containing I o/o cholesterol. These observed values could not have been due to interference by cholic acid with the determination of cholesterol, because this substance only interferes at high concentrations. It may be concluded that the high values for serum and liver cholesterol of rats given diets of type B are not wholly determined by modifications in the absorption of dietary cholesterol, although this may be the most important factor.
Replacement of dietary hydrogenated arachis oil by arachis oil, or of arachis oil by maize oil, led to a fall in the serum-cholesterol concentrations (Fig. 2) , as would have been expected from the work of Hegsted et al. (1957) , who demonstrated the effect of various oils on the serum-cholesterol levels of adult male rats.
The response in serum-cholesterol values of the young rats to changes in the dietary fat, as shown in Fig. 2 , 1956; Ahrens, Hirsch, Insull, Tsaltas, Blomstrand & Peterson, 1957) . The effect of 3,5,3'-tri-iodo-~-thyronine on serum cholesterol in the rat resembles that on serum cholesterol in man ) and that of L-thyroxine on serum cholesterol in the rat ).
Effect of sex and age on serum-cholesterol levels Serum-cholesterol values reported by other workers who used adult animals on stock rations (McGuire, 1956 ; Bargeton, Krumm-Heller & Tricaud, 1954; Fillios, Kaplan, Martin & Stare, 1958) were similar to those found in our rats after a few weeks on diet A (Fig. I) , although the fat content of our diet A is greater than that of their diets. The fall in serum cholesterol during the 1st week on diet A may have been due to the effects of weaning. The further drop in the serum cholesterol of the males after 3-4 weeks on the diet was similar to that on diet B (Fig. 3) and was possibly consequent on sexual development.
When weanling rats were given diets of type B, their serum-cholesterol levels increased rapidly to peak values at about 14 days (Fig. 3) . At this age significant differences in the serum-cholesterol values of the sexes sometimes occurred (Tables 2  and 3 ), but were unusual. The serum cholesterol of adults given the same diet increased more slowly (and to lower values) than those of the young rats, and the serumcholesterol values of the sexes were significantly different (Fig. 4) . These findings agree with those of Fillios & Andrus (1957) and of Fillios (1957). After about 3-4 weeks on diet B the serum cholesterol of male rats fell (Fig. 3) , and at this age (6-8 weeks) hypertrophy of the testes occurred. It has been observed that on diet B (arachis oil) the serum cholesterol was lower in those animals with the larger testes (Cuthbertson et al. 1958) . After puberty the serum cholesterol of male rats given diet B approached values similar to those of the adult males on the same diet (Fig. 4) . I n young female rats on diet B a decrease in serum-cholesterol level was usually observed at about the same time as the depression of serum cholesterol in males, but did not persist (Fig. 4) .
Sex hormones may cause the difference between the serum-cholesterol levels of adult male and adult female rats given diets producing hypercholesterolaemia, but some other factor regulating the serum cholesterol would seem necessary to explain the different rates of increase in serum cholesterol when young rats and adult rats of either sex are first maintained on diet B.
Relation between sudan score and serum cholesterol
The relationship between sudan score and serum-cholesterol concentration can be established graphically (Fig. 5) . Statistical analysis shows that the changes in sudan score can be completely explained by the changes in cholesterol level, there being no need to postulate any independent effect of diet on the former. Conventional methods of covariance analysis should not be applied to this problem, none of the variables being independent of diet. The canonical analysis of Bartlett (1947) was found applicable to the problem.
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Regression of sudanophilic lesions Table 6 shows that dietary administration of T, prevents the serum cholesterol from increasing to levels obtained without it and that it also decreases the rate of development of sudanophilic lesions.
The results summarized in Fig. 7 show that the lesions developed by animals fed on diet B regress when the serum cholesterol is lowered and that the extent of regression depends on the degree of depression in serum-cholesterol concentrations, whether by changing the diet or by addition of T, to diet B.
Pitt-Rivers & Trotter (1957) and Bainborough & McMillan ( I~s z ) , using 3,5,3'-tri-iodo-thyroacetic acid and L-thyroxine, respectively, were unable to demonstrate any effect of these agents on established atherosclerotic lesions developed in rabbits fed on diets containing cholesterol. They transferred rabbits with established lesions on to diets without added cholesterol, with and without the drug. I n the rabbit, as in the rat, transfer to a diet low in cholesterol leads to a rapid fall of serum cholesterol to normal values, i.e. values of 500-1000 mg/Ioo ml are decreased to 50-100 mg/ 100 ml. Administration of thyroactive compounds to the rabbit on a stock diet may cause some further decrease in serum cholesterol, small compared with that brought about by removal of cholesterol from the diet. Bainborough & McMillan (1952) in fact did not observe any change in the serum-cholesterol levels of their rabbits on stock diet given 1-5 mg L-thyroxinelweek. Hence, under the conditions used by Bainborough & McMillan (1952) or by Pitt-Rivers & Trotter (1957), thyroactive compounds would not be expected to increase the rate of regression of the lesions if regression is controlled by the serum-cholesterol level in the rabbit, as it is in the rat (Fig. 7) . On the other hand, if the thyroactive compounds acted directly on thelesions, then significant effects would have been expected in their experiments, whereas in our tests the effects of 3,5,3'-tri-iodo-~-thyronine might have been expected to have been greater than those noted on transfer to diet A, but they were not. Consideration of our own and previous work thus seems to indicate that thyroactive compounds do not act directly on the lesions but indirectly through an effect on serum-cholesterol level, This view is supported by the observations of Boyd & Oliver (1958) who, in tests on the rabbit, showed that administration of 3,5,3'-tri-iodo-thyroacetic acid to rabbits maintained on a diet containing cholesterol led to regression of atherosclerotic lesions, much as was observed in our tests on the rat.
SUMMARY
I . Weanling rats were given various modifications of a stock diet (A) and a semisynthetic ration (B) for 14 days: the concentrations of total cholesterol in the serum and the liver were determined. 2. Addition of cholesterol to diet A increased the concentration of cholesterol in the serum by about one-third and in the liver by about two to five times.
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Serum cholesterol and atherosclerosis 241 type B diet further increases were noticed in the serum and liver cholesterol levels, of about two and a half and three times, respectively.
4.
Cholic acid and choline chloride were both necessary in type B diets to produce maximum concentrations of cholesterol in the serum and the liver.
5. Hydrogenated arachis oil in diet B was more effective than arachis oil in producing hypercholesterolaemia, and arachis oil was more effective than maize oil.
6 . Adult female rats on diets A or B developed greater concentrations of serum cholesterol than adult male rats, but the concentrations of serum cholesterol in young male and young female rats given the diets for 14 days from weaning were as a rule not significantly different.
7.
Weanling rats given diet B developed greater concentrations of serum cholesterol than adult rats on the same diet. The serum-cholesterol concentration of the male rats decreased after puberty, but that of the female rats did not.
8. Sudanophilic lesions developed in the hearts and aortas of female rats given diet B for 12 weeks from weaning. 9. A correlation was apparent between the concentrations of the serum cholesterol and the amounts of sudanophilic material present in the hearts and aortas of rats given various type B diets for 4 weeks from weaning.
10. 3,5,3'-tri-iodo-~-thyronine in the diet partly prevented the increase in concentration of serum cholesterol and partly prevented the development of sudanophilic lesions in rats given diet B for 8 weeks from weaning.
11. Sudanophilic lesions established in rats on diet B partly regressed when they were transferred to diet A or to diet B supplemented with 3,5,3'-tri-iodo-~-thyronine.
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